INTRODUCTION
The southern part of the Vulcan sub-basin, in the Ashmore Cartier region of the Timor Sea, contains several small to medium-sized oil and gas fields and has been picked over by many oil companies in the last 40 years or more. Many of the dry holes can be attributed to poor seismic data quality, which led to poor well placement or false indications of seismic amplitude support. As a consequence of poor seismic data quality an entire generation of seismic interpreters has experienced difficulties in mapping between the Cretaceous Valanginian unconformity and the top of the Permian, which is believed to represent economic basement.
The legacy seismic is visibly noisy with few obvious structural or stratigraphic features in the target intervals. As is the case throughout much of the north-western Australia offshore region, multiples are regarded as the source of this problem. These originate from the hard sea-floor and from bright Tertiary carbonate interfaces in the overburden. Velocity discrimination processing methods struggle because of the thick and slow intervening Cretaceous section that overlies the Jurassic and Triassic targets. Structural dips and lateral velocity gradients are modest for many permits than lie inside of the continental shelf slope break and therefore depth imaging alone has typically not been successful in improving data quality.
The large multiclient Onnia 3D survey was shot in phases between 1997 and 1999. Despite its excellent coverage of almost the entire basin, concerns have been expressed by many as it was shot predominantly in a strike direction. With a seismic commitment in AC/P50 an AC/P51, the Zeppelin 3D enabled us to test this concern by designing the survey to be shot much closer to the dominant dip direction.
Reprocessing by a previous operator made little improvement using a modern but routine processing flow. Our approach towards processing was largely based on past experience in the Gippsland Basin, Northwest Shelf and Qatar in using a cascaded approach to multiple-attenuation, which is particularly suited to areas with modest dips and limited lateral velocity gradients. With seismic reprocessing as a commitment in our adjacent permit AC/P 53, we applied the same processing sequence to the reprocessing of over 1400 km 2 of the Onnia 3D.
We present a series of fair comparisons between the legacy seismic; reprocessing of the legacy seismic; and the newly acquired seismic and discuss a number of facets of seismic data quality. Criteria considered in assessing quality included signal/noise, bandwidth, continuity, fault definition and seismic to well ties.
However the main quality assessment and indeed the claim of this paper is that both the new survey and the reprocessing show clear indications of the target geology for the first time. This will be demonstrated in terms of the detailed structural model that has been developed; the ability to conduct a sequence stratigraphic interpretation; and the clarity of seismic amplitudes revealing reservoir development in harmony with the structural-stratigraphic model.
SUMMARY
In January 2012, the storm clouds of Tropical Cyclone Iggy were gathering over the Timor Sea as acquisition of the 500 km 2 Zeppelin 3D seismic survey began in the Vulcan sub-basin permits AC/P 50 and AC/P 51. Despite the high seas and the adoption of a conventional survey design, the Zeppelin 3D appears to have set a new benchmark for seismic data quality in the Vulcan subbasin, which has traditionally been considered a 'difficult data area'.
Reprocessing some of the overlapping legacy Onnia 3D seismic suggests that much of the imaging improvement stems from a multiple-suppression similar to that used recently in other 'difficult' Australian basins. The combination of shallow water demultiple, SRME and gap deconvolution followed by a stratigraphically-controlled velocity analysis appears to account for much of the improvement. Shooting in the (dominant) dip direction also appears to have helped although had 3D SRME been applied this might have been rendered less important.
Using the reprocessed Onnia 3D and the Zeppelin 3D, our seismic interpreters have been able to develop a detailed structural model which underpins the distribution of fault-bend fold related prospectivity. Enhanced resolution enables sequence stratigraphy to be delineated. A series of structures within 3 separate plays (Triassic, Jurassic and Cretaceous) define a significant increase in the assessed oil and gas volumetric potential thereby justifying the early investment in seismic.
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ACQUISITION
The outline of the 500 km 2 Zeppelin 3D in AC/P 50 and AC/P 51 ( Figure 1 ) was primarily designed to cover a broad spectrum of our initial leads. These leads were identified based on our regional understanding and some basic mapping of the major structural elements. A secondary concern was to fill a few large data gaps in the existing 3D and 2D coverage over our acreage. We elected to shoot in an E-W direction, which is close to the predominant dip direction, in part to resolve long held concerns over the Onnia shooting direction. The acquisition parameters were set economically by today's standards. Using a standard vessel configuration meant we had a longer streamer and larger source relative to the Onnia survey that was shot almost 15 years earlier ( Figure 2 ). However we elected to use a wider streamer separation to cut costs and this was supported by a pre-acquisition modelling exercise. We considered using a broadband streamer but this could not be justified in this instance on a cost-benefit analysis. Availability of the vessel meant that our operations commenced in January 2012, which was a great time of the year to avoid cetaceans, but not cyclones. About halfway through the survey we suffered a high sea state due to Tropical Cyclone Iggy to the southwest and a monsoon to the northwest. The resultant standby due to various weatherrelated causes and some sizeable feathering resulted in about 11% infill being shot. The use of a fanned streamer configuration helped to keep the infill at a minimum and safely within our budget estimate.
PROCESSING
With high seas encountered for much of the survey, one of the first tasks in processing was to attack the swell noise. Onboard processing had been used with some initial swell noise attenuation to determine that stacked image quality was adequate down to the Permian level before releasing the survey vessel from the area. Additional passes of swell noise attenuation were applied in several domains during the production processing (Figure 3 ). The main multiple-generating horizons in the area of AC/P 50 and AC/P 51 (as discussed earlier) possess modest dips thereby enabling design of a cascaded approach to multipleattenuation based on predictive methods. Water depths in the area range between 70 and 120 m so the approach is built around the Shallow Water Demultiple (SWD) process (Hung, et al., 2010) that uses multiples to reconstruct missing primary information at offsets inside the near trace and in turn derive a better estimate of the water-layer multiples. This process had an immediate and obvious impact on the gathers and brute stacks and made it easier to optimize the subsequent demultiple steps. The next step was surface related multiple elimination (SRME), which was modified by muting the primaries at (and just below) the sea-floor to prevent a further subtraction of water-layer multiples that were already well suppressed by the application of SWD. This type of SRME therefore focuses on the long-period multiples generated between the free-surface and the Tertiary carbonates. We elected to apply it in 2D mode based on encouraging testing on the Zeppelin 3D and the desire to keep the processing cost and turnaround as small as possible.
The final part of the predictive demultiple effort was a dual domain tau-p gap deconvolution designed to target interbed multiples generated in the Tertiary carbonates and within the target zone. The design window was set appropriately to achieve this and the gap and operator carefully set to create a second-order filter to target the dominant periodicity remaining in the autocorrelations. The results of this process indicated a subtle but clear improvement in the amplitude continuity of the target zone events.
Velocity analysis was undertaken using a stratigraphic approach to guide and then QC the manual picks made by the processing staff. This consisted of a regional analysis of checkshot data that were first converted into RMS velocity and then broken out by sequence. The Tertiary sequences are characterized by a monotonically increasing RMS velocity trend until the Cretaceous is reached upon which the RMS velocity remains almost constant (the result of an interval velocity inversion). RMS velocities increase again upon entering the Jurassic. Smoothly gridded horizons were supplied to help identify these breaks in the picking trend and produce a consistent velocity field suitable for depth conversion as well as NMO.
COMPARISON TO LEGACY DATA
The comparative seismic sections shown in Figure 4 reveal the progression from the original Onnia 3D (panel a), to the reprocessed Onnia (panel b) and then to the newly acquired Zeppelin 3D (panel c). Each section has been phase-matched and scaled similarly at clear primary events in the overburden. On the original Onnia ( Figure 2a ) the target interval (1.5-3 s) is a jumble of events and it's impossible to map primary events very far because of the cross-cutting noise. The reprocessed Onnia (Figure 2b) shows a large improvement in continuity and mappability of target events, as well as significantly sharper faults and some indications of stronger deep events. The Zeppelin 3D (Figure 2c) shows clearer dip panels, thereby enabling better interpretation of the more structurally complex zones, and even stronger deep events, presumably as a result of the longer streamer and larger source used.
In section view, the reprocessed Onnia shows clearer indications of faulting by virtue of some preserved fault planes. However this is probably a result of applying linear noise attenuation in the strike direction as opposed to its application in the approximate dip direction for the Zeppelin 3D. Closer inspection of coherency time slices suggests that the Zeppelin 3D also provides a slightly clearer image of discontinuities in the volume. There was a vast difference between coherency images from the Onnia reprocessing and the original Onnia though, with the new processing sequence revealing large scale rhomboidal faulting patterns.
On the surface it looks like the new processing sequence has decreased the bandwidth, but closer inspection of frequency spectra in the target zone reveals a high frequency hump in the original Onnia spectrum caused by overburden-generated multiples, which suffer less inelastic attenuation than deeper events. Improvement in the image below the Permian took us by surprise and we can now map intra-Permian events. In some places we can see an extensive detachment surface that is possibly related to withdrawal of Silurian salt. 
MULTI-AZIMUTH LEARNINGS
The difference in shooting direction between the Onnia 3D and Zeppelin 3D surveys enabled us to form a view on the effect of azimuth on seismic data quality in this region. As the section shown in Figure 2b and 2c indicates, the differences are quite small and would be more readily explained by source strength and streamer length. However upon examining lines across some of the more complex structures we did note some improvements to the image that might be attributed to the shooting closer to the dip direction. These improvements tended to occur immediately adjacent to the major basin bounding fault, which presents a large lateral velocity contrast. This is where it can be difficult to define the optimal imaging velocity on a strike-shot line.
Shooting in the dip direction also had the effect of reducing residual multiples that had been observed in some parts of the volume. On closer inspection it became clear that these were free-surface multiples from the bright Base Tertiary event that had not been fully suppressed by 2D SRME. We had tested both 2D and 3D SRME on the Zeppelin 3D, where 2D SRME had worked reasonably well given the minimal crossline dip encountered. However, we didn't achieve the same performance when applied to the Onnia 3D reprocessing, which is affected more by crossline dip.
The severity of the residual multiples appears to be compounded by the strong brightening AvO of events near the Base Tertiary. The brightest part of the second-bounce freesurface multiple lies beyond the outer mute and so the affected area is limited to a small window around approximately two times the traveltime of the Base Tertiary event. These multiples are also just visible on the Zeppelin 3D too, so we would recommend applying 3D SRME for future reprocessing, regardless of the survey azimuth.
INTERPRETATION IMPLICATIONS
Enhanced resolution, largely via suppression of multiples, has revealed subtle stratigraphic details at several levels. This has enabled a sequence stratigraphic approach to seismic interpretation in this part of the Vulcan sub-basin. As a result, low-stand fan leads have been identified in the Upper Cretaceous whilst reservoir, seal and potential source rocks can be reliably mapped away from well control and into Upper Jurassic prospects using sequence stratigraphic principles ( Figure 5 ). This improvement in our ability to map the area has also been enabled by high quality seismic to well ties achieved at all relevant wells in the survey.
The improved seismic has enabled our seismic interpreters to construct a structural model that underpins the distribution of the prospectivity in AC/P 50 and AC/P 51. The interpreters have been able to confidently map the highly structured prerift Triassic/Jurassic section, which is overlain by a shale prone syn-rift Jurassic/Cretaceous section. A series of lowside fault-bend folds near the basin margin fault have been identified juxtaposing the prospective Jurassic section against Triassic Mt Goodwin formation shales on the highside.
Systematic exploration of AC/P 50 and AC/P 51 has been aided by the enhanced structural definition afforded by the new seismic results. Structural seismic attributes such as similarity, helped to reveal a distinct and repetitious rhomboidal relay pattern on time slices (Figure 6 ), which suggests that there are two components to the large scale structural extension in this part of the Vulcan Sub-basin. The first component is oriented north-northwest and creates large graben defining faults. This is then overprinted by a second component of minor extension in a westerly direction which forms an en-echelon series of right-stepping second-order normal faults and causes the original large normal faults to mature into a series of relay ramps. At these relay ramps, the faults are forced to accommodate the second component of extension by joining and forming downward-steepening double fault-bend folds. At each of these fault-bend folds, low-side structural rolls are expected to form resulting in substantial follow-up potential should the play become proven.
Seismic amplitude attributes are being tested at the time of writing and appear to provide some good indications of reservoir sand geometries. Amplitude mapping at the Triassic Ladinian level indicates reservoir development that is confined to half-grabens resulting from an early stage of extension. Pore fill indications are expected to remain difficult to resolve but the reason for this has more to do with rock and fluid properties and the temporal resolution of the seismic rather than noise content.
CONCLUSIONS
The results presented demonstrate that a seismic processing flow built around cascaded predictive multiple attenuation methods appears to have worked in this "difficult data area". New acquisition has improved the deep image through the use of longer offsets and stronger sources. Some structurally complex areas were imaged better by shooting more in the dip direction where processes making 2D assumptions also worked better. However, it is important not to skimp on expensive and time consuming steps such as 3D SRME if quality is your sole objective.
Processing flows seem to be rarely published nowadays although we've had informal indications that the approach we have used is comparable to some of the major oil companies in Australia operating in other "difficult" areas. The results suggest that depth imaging and, in particular beam migrations as proposed by some operators, are not the only path towards high quality seismic in this area. Furthermore our results might seem to fly in the face of the current wave of acquisition solutions such as broadband, shorter crossline spacing and MAz. Whilst these innovations would undoubtedly further improve data quality in the region, we have shown that processing alone can also be a "game changer" in our exploration permits.
Seismic data in the Vulcan sub-basin may not be so bad after all. Our investment in seismic data quality has enabled sequence stratigraphic interpretation, detailed structural analysis and deep imaging, which have already translated into new prospects that possess well-defined volumetrics and risks. Expanded Abstracts. 
